High-throughput direct sequencing techniques have recently opened the possibility to sequence genomes from Pleistocene organisms. Here we analyze DNA sequences determined from a Neandertal, a mammoth, and a cave bear. We show that purines are overrepresented at positions adjacent to the breaks in the ancient DNA, suggesting that depurination has contributed to its degradation. We furthermore show that substitutions resulting from miscoding cytosine residues are vastly overrepresented in the DNA sequences and drastically clustered in the ends of the molecules, whereas other substitutions are rare. We present a model where the observed substitution patterns are used to estimate the rate of deamination of cytosine residues in single-and doublestranded portions of the DNA, the length of single-stranded ends, and the frequency of nicks. The results suggest that reliable genome sequences can be obtained from Pleistocene organisms.
T he retrieval of DNA sequences from long-dead organisms offers a unique perspective on genetic history by making information from extinct organisms and past populations available. However, three main technical challenges affect such studies. First, when DNA is preserved in ancient specimens, it is invariably degraded to a small average size (1) . Second, chemical damage is present in ancient DNA (2) that may cause incorrect DNA sequences to be determined (3) . Third, because ancient DNA is present in low amounts or absent in many specimens, traces of modern DNA from extraneous sources may cause modern DNA sequences to be mistaken for endogenous ancient DNA sequences (4) (5) (6) . Recently, a DNA sequencing method based on highly parallel pyrosequencing of DNA templates generated by the PCR has been developed by 454 Life Sciences (454) (7) . This method allows several hundred thousand DNA sequences of length 100 or 250 nt to be determined in a short time. It has been used to determine DNA sequences from the remains of three Pleistocene species: mammoths (8, 9) , a cave bear (9) , and a Neandertal (10) . In all cases, the majority of DNA sequences retrieved are from microorganisms that have colonized the tissues after the death of the organisms. However, a fraction stem from the ancient organisms. In fact, the throughput of this technology, as well as other sequencing technologies currently becoming available (11) , makes it possible to contemplate sequencing the complete genomes of extinct Pleistocene species (8, 10) .
Here, we analyze DNA sequences determined on the 454 platform from an Ϸ38,000-year-old Neandertal specimen found at Vindija Cave, Croatia (10, 12) , with respect to two features of particular significance for genomic studies of ancient DNA. First, we investigate the DNA sequence context around strand breaks in ancient DNA. This has not been previously possible, because when PCR is used to retrieve ancient DNA sequences, primers that target particular DNA sequences are generally used and thus the ends of the ancient DNA molecules are not revealed. Second, we investigate the patterns of nucleotide misincorporations in the ancient DNA sequences as a function of their position in ancient DNA fragments. Although there is strong evidence that the majority of such misincorporations are due to deamination of cytosine residues to uracil residues (3), which code as thymine residues, it is unclear whether other miscoding lesions are present in any appreciable frequency in ancient DNA or how miscoding lesions are distributed along ancient DNA molecules. When relevant, we use comparable data from an Ϸ43,000-year-old mammoth bone (9) from the Bol'shaya Kolopatkaya river, Russia, an Ϸ42,000-year-old cave bear bone from Ochsenhalt Cave, Austria (13) , a contemporary human, and DNA sequences of the Vindija Neandertal cloned in a plasmid vector (14) to ask whether the patterns seen are general features of Pleistocene DNA sequences or are caused by the 454 sequencing process. Finally, we develop a model that allows us to estimate features of ancient DNA preservation and discuss the implications of our findings for the determination of complete genome sequences from Pleistocene organisms.
Results and Discussion
The 454 Process. Because aspects of the 454 sequencing process are of crucial importance for the analyses presented, we briefly review some of its essential features. In a first step, a doublestranded DNA extract is end-repaired and ligated to two different synthetic oligonucleotide adaptors termed A and B. From each successfully ligated molecule, one of the DNA strands is isolated and subjected to emulsion PCR, during which each template remains isolated from other templates on a Sepharose bead carrying oligonucleotides complementary to one of the adaptors, producing beads each coated with Ϸ10 million copies of one DNA molecule. Up to 800,000 such DNA-containing beads are then loaded onto a multiwell glass plate, and their sequences are determined by pyrosequencing (7) .
The end repair of the template DNA and ligation of adapters, which are critical for the analyses in this paper, are described in more detail in Fig. 1 . First, T4 DNA polymerase is used to remove single-stranded 3Ј-overhanging ends and to fill in 5Ј-overhanging ends (Fig. 1ii) . Simultaneously, 5Ј-ends are phosAuthor contributions: A.W.B., R.E.G., and S.P. designed research; J. Kelso, K.P., J. Krause, and M.T.R. contributed new reagents/analytic tools; A.W.B., U.S., P.L.F.J., R.E.G., M.M., M.L., and S.P. analyzed data; and A.W.B., P.L.F.J., R.E.G., and S.P. wrote the paper.
phorylated by using T4 polynucleotide kinase. Thus, while the 5Ј-ends of the sequences eventually generated reflect the 5Ј-ends present in the ancient DNA fragments, the 3Ј-ends correspond to the terminal 5Ј-position on the opposite, nonsequenced strand and are not necessarily the original 3Ј-end of the sequenced strand. Adaptor ligation is achieved in two enzymatic steps. First, the two double-stranded adaptors, A and B, which are not phosphorylated to avoid formation of adaptor dimers, are ligated to the 5Ј-ends of the target molecules (Fig. 1iii) . Ligation products carrying at least one B adaptor are captured and the strand-displacing Bst DNA polymerase is used to make the ligation products fully double-stranded, displacing the downstream adaptor strands (Fig. 1iv) . Finally, by NaOH-mediated denaturation of the two DNA strands, the A-to-B strands are released, recovered and used as templates for emulsion PCR, whereas B-to-A strands remain immobilized on the beads (Fig. 1v) .
Ancient DNA Fragmentation. To investigate whether fragmentation of ancient DNA occurs predominantly at certain bases or in certain sequence contexts, we analyzed the base composition close to the 5Ј and 3Ј ends of DNA sequences, i.e., near the sites of breaks in the template DNA. To avoid confounding of the results by sequencing errors or misincorporations close to the ends of the sequences (see below), and to allow the sequence context outside the sequenced fragments to be analyzed, we aligned each 454 sequence to a reference genome, extended the alignment in both directions to include the entire 454 sequence, and used the reference sequence to gauge the base composition on both sides of the ends of the ancient DNA template. To avoid 3Ј-ends that were limited by 454 sequencing length, we used only sequences where the 3Ј-ends could be identified by the presence of a B adaptor. Fig. 2 shows the base composition of the human reference genome from 10 bases outside the terminal Neandertal base sequenced to 20 bases into the sequence for the 5Ј-and 3Ј-end, respectively. Across most of the Neandertal molecules, C and G are each present at Ϸ22% frequency and A and T at Ϸ28%. Because the average proportion of G and C in the human genome is 20.5% each (15) , and this is reflected in the contemporary human DNA sequenced by 454 [supporting information (SI) Fig. 5 ], this suggests a slight overall bias toward GC-rich sequences in the ancient reads. Strikingly, at the -1 position of the 5Ј-ends, i.e., the first position upstream of the 5Ј-most base sequenced, the frequency of G is elevated from Ϸ22% seen across all Neandertal reads analyzed to 29% (Fisher's exact test, P Ͻ 2.2 ϫ 10 Ϫ16 ), and the frequency of A is elevated from Ϸ28% to 31% (P ϭ 3.5 ϫ 10 Ϫ10 ), whereas C and T are depressed. Conversely, at the position ϩ 1 downstream of 3Ј-ends, the frequency of C (P Ͻ 2.2 ϫ 10 Ϫ16 ) as well as T (P ϭ 1.32 ϫ 10 Ϫ5 ) is elevated to Ϸ30%, whereas G and A are depressed. At the 5Ј-most sequenced positions, A is depressed to 23% (P Ͻ 2.2 ϫ 10 Ϫ16 ), whereas T is elevated to 31% (P ϭ 4.7 ϫ 10 Ϫ13 ), whereas at the 3Ј-most sequenced position, A is elevated to 32% (P ϭ 2.8 ϫ 10 Ϫ12 ) and T is depressed to 23% (P Ͻ 2.2 ϫ 10 Ϫ16 ). Although 5Ј-ends of 454 sequences represent the positions of 5Ј-breaks of the sequenced ancient template strand, the 3Ј-ends represent the positions of 5Ј-breaks on the complementary strand (Fig. 1) . Therefore, the data show that immediately before a strand break, guanine residues as well as adenine residues are elevated relative to cytosine and thymine residues. When modern human DNA sequenced by the 454 process is analyzed in the same way, no elevation of purines adjacent to strand breaks are seen but instead a slight elevation of C and depression of A at Ϫ1 positions (Fig. 2 ). This suggests that the patterns seen in the Neandertal data are due to a fragmentation process that has affected the ancient DNA rather than a bias in what fragments are sequenced efficiently by the 454 process. That an increased occurrence of purines immediately 5Ј to strand breaks is typical of the Neandertal DNA prepared from the Vindija specimen is supported by the fact that an excess of guanine residues adjacent to strand breaks is seen also in Neandertal DNA from the same specimen that was cloned in a plasmid vector and subsequently sequenced (14) (SI Fig. 5 ). Interestingly, the overall GC content of the cloned Neandertal sequences is Ϸ50% vs. 41% in the human genome (15) , suggesting that some feature of the cloning process introduces a bias for GC-rich ancient sequences that is stronger than in the direct 454 sequencing.
In the mammoth and cave bear (SI Fig. 5 ) DNA directly sequenced on the 454 platform, an excess of G as well as A is similarly seen immediately adjacent to breaks. However, in the cave bear, A is increased more than G. These results suggest that purines (G and A) may be overrepresented immediately 5Ј to strand breaks in many or most ancient specimens. A mechanism that is likely to be responsible for this is depurination, i.e., the hydrolysis of purine bases from the deoxyribose-phosphate backbone of DNA. After depurination events, the sugar phosphate backbone is susceptible to hydrolysis 3Ј to the depurinated site (16) . DNA is affected by depurination under many conditions (17) , and baseless sites have been shown to occur in ancient DNA (1) . It should be noticed, however, that this appears to explain only in the order of 10% of all strand breaks in the directly sequenced Neandertal sample.
It should also be noted that, in addition to an elevation of purines adjacent to breaks, other base compositional aberrations close to ends of molecules are seen in some specimens. In the mammoth, there is an excess of T and a decreased amount of G at the second position upstream of the strand break. This is also seen in a permafrost-preserved mastodon sample (unpublished observation), indicating that this may be related to the permafrost environment. Further analyses of several ancient specimens are necessary to elucidate how frequently processes in addition to depurination are involved in strand breaks in ancient DNA samples from different preservation conditions. Nucleotide Misincorporations. Because each 454 sequence is derived from one single-stranded molecule, each of the 12 possible base differences to related genomes, e.g., C to G, can be distinguished from its complementary change, i.e., G to C (9, 18). Thus, the patterns and prevalence of each possible nucleotide misincorporation can be estimated. When this is done across large numbers of 454 sequence reads, the number of substitutions where any single nucleotide (e.g., C) changes to another particular nucleotide (e.g., T) should be equal to the number of substitutions where the complementary nucleotide (i.e., G) changes to the complementary nucleotide (i.e., A), unless nucleotide misincorporations occur (9) . When such strandequivalent reciprocal nucleotide substitutions are analyzed in DNA sequences from Pleistocene organisms, C to T changes are more frequent than G to A changes (9, 10, 18) . Furthermore, in contrast to DNA sequences determined from modern DNA, the rates of both G to A changes and C to T changes are elevated above the rates of the other two transitions. Whereas there is ample evidence that deamination of cytosine residues to uracil (U) residues in ancient DNA is responsible for the excess C to T substitutions (3), the G to A substitutions are enigmatic. They could be caused by deamination of guanine residues to xanthine (X) residues, which are read by the DNA polymerase used in the 454 sequencing process as adenine residues, thus potentially causing G to A misincorporations (9) . However, because the efficiency with which X is misread as A by the DNA polymerase is low, it is unclear whether this is enough to account for the effect observed.
We analyzed the frequency at which each of the 12 substitutions occur as a function of their distance from the 5Ј-and the 3Ј-ends (as defined by the presence of a B adaptor), respectively, of the Neandertal DNA sequences. Fig. 3 shows that in agreement with previous findings, C to T and G to A substitutions are drastically elevated, whereas other substitutions show similar and low rates. However, strikingly, C to T and G to A substitutions are unequally and differently distributed along the DNA molecules. The frequency of C to T substitutions are elevated at least 50-fold above other substitutions at the 5Ј-most nucleotide position of molecules, where Ϸ21% of all cytosine residues in the human reference sequence are read as thymine residues in the ancient sequences. C to T substitutions then decrease rapidly over the first Ϸ10 nucleotides of the molecules, after which they steadily decrease toward the 3Ј ends, although they remain elevated relative to the other substitutions, except G to A. In stark contrast, G to A substitutions appear not to be elevated above other substitutions until Ϸ20 nucleotides into the molecules from the 5Ј end when they increase steadily in frequency until the last Ϸ10 positions, where they increase to Ϸ60-fold above background at the 3Ј-most position of molecules. Other substitutions not only are much more rare but also do not appear to vary significantly as a function of position along DNA sequences, although the power to detect any such variation is obviously low because of their low frequency.
In mammoth sequences similarly determined by the 454 technology (SI Fig. 6 ), higher numbers of all substitutions are seen across the reads because of the greater evolutionary distances between the mammoth and elephant genomes than between the Neandertal and human genomes. This makes misincorporations harder to identify. However, elevated C to T substitutions at 5Ј-ends and elevated G to A substitutions at 3Ј-ends are readily detectable. The same is true for direct sequences generated from a cave bear (SI Fig. 6 ). In the bacterial plasmid library prepared from the same Neandertal individual from which the 454 sequencing was performed (14) , elevation of C to T substitutions at 5Ј-ends and of G to A substitutions at 3Ј-ends of inserts are similarly seen, although less dramatic than for the directly sequenced DNA (SI Fig. 6 ). In contrast, no such increase is seen in nebulized modern human DNA analyzed in a way identical to the Neandertal DNA (SI Fig. 6) , showing this is a feature not of the 454 technology per se but of the ancient DNA.
Overhanging Ends and Nicks. Because the 5Ј-ends produced by 454 sequencing represent the 5Ј-ends of the template molecules, the elevation of C to T substitutions at 5Ј-ends must stem from some process that results in cytosine residues being read as thymine residues. Deamination of cytosine to uracil has been shown to occur in ancient DNA (1, 3) and to cause nucleotide misincorporations (3). Therefore, deaminated cytosine residues in the ancient template strands sequenced are presumably responsible for the C to T substitutions seen in the 5Ј-ends of molecules. Taken at face value, the elevated G to A misincorporations at 3Ј-ends of molecules could be due to modified guanine residues in ancient templates. However, given that G to A substitutions at 3Ј-ends of molecules are similar in frequency and pattern to C to T substitutions at 5Ј-ends of molecules, and given that the 3Ј-ends of 454 template molecules may represent filled-in 5Ј-overhanging ends on the complementary strand ( Fig. 1) , we suggest that the elevated G to A substitutions at 3Ј-ends are the result of C to T substitutions on the complementary 5Ј-ends of the original template molecules. Indeed, although it has been previously suggested that all misincorporations seen by direct 454 sequencing reflect miscoding lesions on the sequenced strand (8-10), there are two steps in the 454 sequencing process where complementary changes on the strand to be sequenced could be created. First, if a miscoding lesion, e.g., a uracil residue, is present on a overhanging 5Ј-end (Fig. 4A) , T4 DNA polymerase will insert a complementary base during end repair, i.e., an adenine residue, opposite the miscoding uracil residue. Subsequently, either the original damaged strand is sequenced, and a C to T substitution as a result of the uracil residue will be observed near the 5Ј-end of the sequence, or, alternatively, the nondamaged strand is sequenced, and a complementary G to A substitution will be observed near the 3Ј-end of the sequence. Second, when the strand-displacing Bst DNA polymerase is used to complete the adaptors, the enzyme can extend from any nick or gap in the template molecules, displacing the original strand downstream to the end of the template strand (Fig. 4B) . If this is the case, miscoding lesions present downstream of the nick on the template strand will cause a misincorporation on the newly synthesized sequenced strand, for example, an adenine residue inserted opposite a uracil residue. Thus, downstream of a nick or gap, miscoding lesions present on the sequenced strand will be removed, and miscoding lesions on the opposite strand will be seen as misincorporations. 5Ј-overhanging ends as well as DNA nicks will therefore cause the rate of C to T substitutions to decrease and the rate of G to A substitutions to increase from the 5Ј-to the 3Ј-end of molecules. Fig. 3 shows that the frequency of C to T substitutions decreases steadily throughout the molecule toward 3Ј-ends even after the 20 first 5Ј-nucleotides, whereas G to A substitutions do not seem to be elevated to the very 5Ј-ends. This further supports the suggestion that the primary lesion underlying these patterns is one that affects cytosine residues and causes them to be read as thymine residues.
In summary, the patterns of C to T and G to A substitutions along ancient DNA molecules strongly suggest that the overwhelming majority of misincorporations in ancient DNA are due to deamination of cytosine residues. As a corollary, the previously proposed modified guanine residues that produce G to A substitutions (9, 18) either do not exist or are rare in comparison with deaminated cytosine residues.
Overhanging Ends and Deamination. The high frequency of C to T misincorporations at the 5Ј-ends of ancient DNA sequences and the correspondingly high frequency of G to A misincorporations at the 3Ј-ends imply that deamination of cytosine residues is significantly elevated at the 5Ј-ends of ancient DNA molecules. This could be caused either by a tendency of cytosine residues at the ends of molecules to undergo deamination or a tendency of strand breaks to occur near deaminated cytosine residues. In the latter case, one would expect to see an elevation of cytosine residues in aligned reference sequences around strand breaks. However, this is not the case (Fig. 2) . Therefore, we propose that cytosine residues close to the ends of ancient DNA molecules are more susceptible to deamination than cytosine residues more internal in the molecule.
One possible mechanism underlying this is the presence of single-stranded overhanging ends in the ancient DNA, because the rate of cytosine deamination is Ϸ2 orders of magnitude higher in single-than in double-stranded DNA (17) . An alternative and not mutually exclusive mechanism is ''DNA breathing'' in the ends of molecules, which could cause them to be partially single-stranded and thus more susceptible to deamination. The former mechanism is supported by the fact that the elevation of G to A substitutions at 3Ј-ends is similar in magnitude to that of C to T substitutions at 5Ј-ends. This is expected if the effect is mainly due to single-stranded overhangs, which are filled in by T4 DNA polymerase during end-repair, because this will produce G to A substitutions at every 3Ј-end extended into a 5Ј-overhanging end with a deaminated cytosine residue. By contrast, if the end effects stemmed from elevated damage to double-stranded DNA, modified cytosine residues would be complemented only during the nick extension step, and therefore (unless all molecules carried nicks) the elevation of C to T substitutions in 5Ј-ends would be greater than the elevation of G to A substitutions in 3Ј-ends.
A Model of Ancient DNA Damage. Given the data presented above, we conclude that cytosine deamination is the major factor causing nucleotide misincorporations in ancient DNA, and that ancient DNA contains single-stranded ends as well as nicks, which lead to apparent G to A substitutions in 454 sequence data. We furthermore suggest that cytosine deamination is more prevalent in single-stranded ends of molecules than in the interior of molecules. By formalizing these findings in a statistical model, we can estimate several parameters relevant to the extent of degradation of the Neandertal DNA.
In this model, we estimate the following four parameters: the frequency of nicks, which we model as occurring with uniform probability per base (); the average length of single-stranded overhanging ends, which we take to follow a geometric distribution with the parameter ; the frequency of deaminated cytosine residues in double-stranded DNA (␦); and the frequency of deaminated cytosine residues in single-stranded DNA (␦ ss ). Note that this model explicitly incorporates two points that influence the output of 454 sequencing. First, when nicks are found on opposite strands and downstream of each other, the fragment is lost during the nick repair stage of 454 template preparation, because the molecule will split when the replication forks meet. This causes the distribution of first nicks in the sequenced fragments to be uniform rather than geometric. Second, the model accounts for the fact that the end repair step in the 454 protocol (Fig. 1) eliminates all 3Ј-overhanging ends and preserves only 5Ј-overhanging ends.
Given this model (details in SI Text), we use maximum likelihood to estimate the four parameters given the Neandertal data ( Table 1 ). The estimated fraction of deaminated cytosine residues in single-stranded DNA is 68% (95% confidence interval (C.I.), 65-71%) and in double-stranded DNA 0.97% (C.I., 0.87-1.1%]. This is in keeping with previous work (17) , which has shown the deamination rate of cytosine residues to be Ϸ2 orders of magnitude higher in single-than in double-stranded DNA. The average length of single-stranded overhanging ends is estimated to be 1.6-1.8 nucleotides and the frequency of singlestranded nicks 2.4% (C.I. 1.7-3.6%), i.e., about one nick or gap per 50 nucleotides. Note that while the C.I. for the lengths of overhanging ends is narrow the C.I. for nick frequency is a much larger fraction of the estimate, indicating that our power to estimate the nick frequency is relatively low.
If we simulate the expected C to T and G to A misincorporation frequencies along a hypothetical Neandertal sequence using the parameter estimates above, the results fit the observed data quite well, indicating that our assumptions are broadly consistent with the data (SI Fig. 7 ). The application of this model to future data sets will provide a framework for evaluating the error probability of any nucleotide position generated from ancient DNA by 454 sequencing and will reveal to what extent these parameters vary from specimen to specimen and with preservation conditions. Considerations for Genome Sequencing. An exciting possibility opened up by high-throughput direct sequencing of DNA is that entire genomes can in principle be determined from Pleistocene organisms such as mammoths (8) or Neandertals (10) . However, two main potential problems need to be considered in such undertakings: first, errors in the DNA sequences caused by lesions in the ancient DNA and, second, contamination of extracts by contemporary DNA, in particular contamination of Neandertal extracts by contemporary human DNA. The findings presented have bearing on both of these issues.
To address the first point, we estimated the extent of errors for all 12 substitutions in the Neandertal sequences and the contemporary human sequences, respectively, determined on the 454 platform. To do this, we compare the substitutions assigned to the human lineage and the lineage leading to the DNA sequences determined on the 454 platform in alignments to the human and chimpanzee genome sequences and assume that any acceleration of the latter lineage is because of nucleotide misincorporations and sequencing errors (19) . Our results show that except for C to T and G to A misincorporations, no other nucleotide misincorporations in the Neandertal sequences are elevated above the rate of approximately four errors per 10,000 bp we estimate for the contemporary human 454 sequences (SI Fig. 8 ). The sole exception is G-T misincorporations, which appear slightly elevated in the Neandertal sequences but still Ͻ1 in 1,000. This could represent small levels of 8-hydroxyguanine, an oxidation product of guanine, which has previously been detected in ancient DNA (2) and is known to cause G-T transversions (20, 21) . Thus, except for C to T, G to A, and perhaps G to T substitutions, nucleotide substitutions observed in Neandertals relative to humans and chimpanzees are as reliable as if they had been determined from contemporary DNA. For C to T and G to A substitutions, their reliability depends greatly on their positions in the sequencing reads. Although at the first or last positions of reads they are Ͼ50-fold increased above background levels of Neandertal-human changes (Fig. 3) , at position 20 from 5Ј-ends C to T substitutions are only Ϸ3-fold increased while at position 20 from 3Ј-ends G to A substitutions are Ϸ2-fold increased. Using the model presented, the reliability of C to T and G to A substitutions can be estimated as a function of their positions in sequencing reads and incorporated into genome sequencing pipelines. In general, such substitutions located away from the ends of the molecules retrieved will be relatively reliable. Provided that eventually sufficient coverage of the Neandertal genome is achieved, nucleotide misincorporations should therefore not prevent a reliable Neandertal or mammoth genome sequence from being determined.
With respect to contamination of Neandertal DNA by modern human DNA, it has been argued that endogenous sequences are expected to differ from contaminating sequence by being of shorter length and by carrying more nucleotide misincorporations and thus that the length distribution and the extent of nucleotide misincorporations could be used to estimate the extent of contamination (14) . However, the lengths of the endogenous DNA fragments differ from fossil to fossil and even among parts of a single fossil (unpublished observation). It is also impossible to exclude that contemporary DNA that contaminates fossils or laboratory reagents is degraded to a short average length either during cellular decay or after entering the fossil (4, 5) . Furthermore, it has been shown that modern human DNA contaminating ancient bones may carry nucleotide misincorporations typical of ancient DNA sequences (6, 22) . This suggests that neither fragment size nor misincorporations represent efficient ways to distinguish endogenous from contaminating DNA sequences. The only way to positively identify contamination is by DNA sequences that distinguish the organism under study from potential contaminants. One such DNA sequence is the hypervariable region I (HVRI) of the mitochondrial DNA (mtDNA), which has been determined from 13 Neandertals (12, 23-31) and found to differ from contemporary humans by multiple substitutions. This can be exploited to estimate the relative amounts of endogenous mtDNA and contaminating human mtDNA in extracts prepared from Neandertal fossils (10) . To control for contamination at subsequent stages of the 454 process, the DNA sequences produced from an extract can similarly be analyzed for mtDNA sequences. Thus, the mtDNA sequences identified from the Neandertal presented here fall outside the variation of modern humans (10) and all seven mtDNA HVR sequences that have subsequently been retrieved from this 454 library (SI Fig.  9 ) show sequence positions that match the mtDNA sequences previously determined from this specimen (12) and distinguish them from modern human mtDNAs (R.E.G., unpublished results). As more sequences become available also from other rapidly evolving regions of the Neandertal genome, e.g., the Y chromosome, it will be possible to arrive at even more accurate estimates of the contamination rate in the sequences produced by these approaches.
Although such assays allow Neandertal DNA extracts free of mtDNA contamination to be identified and the final sequences produced to be similarly assayed for contamination, two further experimental approaches are in our opinion crucial to minimize contamination. First, all steps up to the ligation of adaptors or plasmid vectors to the ancient DNA should be performed in a laboratory dedicated exclusively to work on ancient DNA extractions under conditions that minimize the risk of contamination. Second, adaptors or vectors that are specifically designed and exclusively used for a particular project should be used. This will allow contamination from DNA derived from other sources than the specimen as well as from other DNA libraries prepared in the same facilities to be detected. Although such adaptors have not been used in the generation of the Neandertal data analyzed here (10, 14) , they are now used in the Neandertal genome project.
Given such precautions as well as the patterns of nucleotide misincorporations seen in Neandertal DNA, we are confident that it will be technically feasible to achieve a reliable Neandertal genome sequence.
Materials and Methods
DNA sequence reads from each run on the 454 machine as well as from the plasmid library (14) were aligned against each other to identify repeat reads that stem from a technical artifact related to low concentration DNA libraries (see SI Text for details). The sequence with the best match to the target species from each repeat cluster was aligned to reference genomes by using Megablast 2.2.12. This local alignment was then extended to encompass the entire 454 sequence read up to the end of the read or the B adaptor (see SI Text). The resulting alignments were used to analyze base composition in reference genomes at the ends of the alignments as well as nucleotide substitutions relative the reference genomes. For model parameter estimations and error rate estimations, 454 reads were aligned to the human (hg18) as well as the chimpanzee (panTro2) genomes.
